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Three-Year Wilkinson Microwave Anisotropy Probe (WMAP1) Observations:
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The situation is much better now: ΛCDM
passes demanding tests from

• the CMBR temperature anisotropy power
spectrum;

• the CMBR temperature – polarization
spectrum;

• the galaxy and Lyα forest power spectrum
(with modest bias);

• the baryon oscillation signature;
• Ωbaryon from the standard model for the

light elements (though we had in reserve
the lepton number);

• Ωm from dynamics, lensing, & the cluster
baryon mass fraction;

• the SNeIa z - m relation;
• time scales;
• the cluster mass function; and
• the ISW effect (at a modest number of

standard deviations).

We are drawing large conclusions from exceedingly limited evidence, and we
have to bear in mind that Nature may well have more surprises for us.

But the ΛCDM cosmology passes an impressive network of demanding tests.
Surprises may well drive perturbative adjustments to the cosmology, but I
conclude that a revolutionary adjustment — as replacement of dark matter
with some generalization of MOND — is unlikely.



The standard relativistic hot Big Bang ΛCDM cosmology very likely gives us a
useful approximation to what actually happened as the universe expanded and
cooled from redshift z ∼ 1010.

Is it equally likely that this cosmology includes all the physics relevant to observa-
tional extragalactic astronomy? Or might it be the simplest approximation we can
get away with at the current level of evidence?

You don’t have to decide: it’s good science to operate on the assumption that the
ΛCDM cosmology has all the relevant physics unless or until the observations force
us to improve the model.

But it also is good science to pay attention to apparent anomalies, consider tests
that might help determine which if any are real, and explore what the anomalies,
if real, might teach us.

I shall discuss some apparent anomalies in the dark sector, a possible remedy — a
fifth force in the dark sector — and the test from the tidal disruption of satellite
galaxies.



What is in the voids defined by the galaxies?





H. Mathis & S. D. M. White, MN 337, 1193, 2002 

50 × 50 × 15h−1 Mpc

This is a pure DM LambdaCDM simulation. 
Notice the Dekel-Silk (1985) effect. 
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Gottlöber et al. (2003) predicted that a typical 20 h−1 Mpc
diameter void should contain up to 1000 halos with mass
∼ 109 h−1 M" and still about 50 halos with mass ∼
1010 h−1 M". Assuming a magnitude of MB = −16.5 for
the galaxy hosted by a halo of mass 3.6 × 1010h−1M"

(Mathis & White 2002), they predict that about five such

galaxies should be found in the inner regions of a typical
void of diameter 20 h−1 Mpc.

Dwarf galaxies in voids:
Suppressing star formation with photo-heating

Matthias Hoeft1, Gustavo Yepes2, Stefan Gottlöber3, and Volker Springel4
1
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The Carignan and Purton 21-cm surface density and velocity maps of DDO 154

Stellar mass: 3 × 107M!

HI plus He mass: 2 × 108M!

total mass within 6 kpc: 3 × 109M!



The Karachentsev et al. (2004)
Catalog of Neighboring Galax-
ies. The larger circles show the
galaxies at vLG < 550 km s−1.
The smaller circles show galax-
ies at somewhat greater distance.

The red squares are, left to right,
the gas dwarfs
ESO 215-G?009
DDO 154
UGCA292
NGC3741

The local sheet at SGZ = 0 is
part of the Local Supercluster.
The Tully Void is really empty.

Why does this map look 
so different from what 
Dekel & Silk (1985) point 
out might reasonably be 
expected in the 
LambdaCDM cosmology?



It has been brought to my attention that the void dwarf problem may be
reduced to the previously unsolved problem of excess numbers of dwarf DM
halos in the ΛCDM cosmology.

I don’t consider this promising because many of the known extreme dwarfs
are fragile, and surely more likely to survive in the less busy environment
of the voids.



What is the effect of merging and accretion on giant elliptical galaxies at z < 1?



Fig. 2.— Images of the mass distribution at z = 0, 1 and 3 in our 8 simulations of the
assembly of cluster mass halos. Each plot shows only those particles which lie within r200

of halo center at z = 0. Particles which lie within 10h−1 kpc of halo center at this time are
shown in black. Each image is 5h−1Mpc on a side in physical (not comoving) units.

Early Formation and Late Merging of the Giant Galaxies

Liang Gao1 Abraham Loeb2 P. J. E. Peebles3 Simon D. M. White1 and Adrian Jenkins4



Fig. 3.— The total mass within physical distance 10h−1 kpc of the center of the most massive
progenitor of the final halo at each time plotted and for each of our 8 simulations. Symbols

switch between filled and open each time the identity of the most massive progenitor changes.

Gao, Loeb, Peebles, White, Jenkins, ApJ 2004



Can this cD have grown in the manner suggested by the CDM simulations?



THE DEPENDENCE ON ENVIRONMENT OF THE COLOR-MAGNITUDE RELATION OF GALAXIES
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(bowdlerized)

These SDSS colors are measured at about 80% of the nominal
Petrosian magnitude, that is, well outside the half-light radius



M60 1.0 Mpc
M61 

2.4 Mpc
M84

 0.4 Mpc

M85  .8 Mpc M86 0.4 Mpc M87 M88  
0.6Mpc

M89  
0.4 Mpc

M90 0.5 Mpc

M91 0.7 Mpc M98 1.5 Mpc

M 99 
1.1 MpcM100 1.2 Mpc

future mergers by 
M87 won’t be all 
that dry, and I 
suppose mergers 
since z = 1 have 
been wetter. 

M49 1.3 Mpc M58 0.5 Mpc
M59

0.9 Mpc

This shows Nigel Sharp’s list of Messier galaxies in the Virgo cluster, with projected distances from M 87.  
The images, from NOAO and 2MASS, have a roughly common angular scale, but contrasts can differ. T
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The Cosmic Evolution Survey (COSMOS): The morphological

content and enviromental dependence of the galaxy

color-magnitude relation at z ∼ 0.7

P. Cassata1,2, L. Guzzo3, A. Franceschini2, N. Scoville4,5, P. Capak4, R. S. Ellis4, A.
Koekemoer6, H. J. McCracken7, B. Mobasher6, A. Renzini8, E. Ricciardelli2, M. Scodeggio1

Y. Taniguchi9, D. Thompson10,4

Or with the remarkable stability of the color-
magnitude relation at redshift z = 0.7?

With thanks to Paolo Cassata and Gigi Guzzo for 
permission to show their pre-publication result.



It has been brought to my attention that the color of a galaxy naturally
relaxes to the red sequence after suppression of star formation. (There
is some ongoing star formation in ellipticals, to be sure, but I gather the
young stars are metal-rich, as if formed out of gas shed by stars in the
island universe.)

But the tilt of the red sequence requires that the luminosity of the galaxy
correlates with some combination of stellar age, heavy element abun-
dance, and chemistry.

The mix of stellar age, heavy element abundance, and chemistry in the
neighborhood of a giant elliptical is correlated with the ambient density,
while the color-magnitude relation seems to be insensitive to ambient
density.

This situation brings to my mind the picture of galaxies as island uni-
verses.

This situation does not lead me to think of the substantial flushing of
matter through the effective radii of giant galaxies at modest redshifts
that is predicted by the ΛCDM cosmology.

1



What is the effect of merging and accretion on spiral galaxies at z < 1?
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Formation of a disk Galaxy in 
the LambdaCDM cosmology
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DECIPHERING THE LAST MAJOR INVASION OF THE MILKY WAY
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ABSTRACT
We present rst results from a spectroscopic survey of ∼2000 F/G stars 0.5–5 kpc from the Galactic plane,

obtained with the Two Degree Field facility on the Anglo-Australian Telescope. These data show the mean rotation
velocity of the thick disk about the Galactic center a few kiloparsecs from the plane is very different than expected,
being ∼100 km s!1 rather than the predicted ∼180 km s!1. We propose that our sample is dominated by stars
from a disrupted satellite that merged with the disk of the Milky Way some 10–12 Gyr ago. We do not nd
evidence for the many substantial mergers expected in hierarchical clustering theories. We nd yet more evidence
that the stellar halo retains kinematic substructure, indicative of minor mergers.

The  consensus I think I see developing is that within the 
LambdaCDM cosmology the Milky Way must be atypical.



NGC 4565 HST

Is the small bulge of this galaxy also atypical within LambdaCDM?



6. LOCAL GROUP DYNAMICS

6.1. Cosmological Background
The continuing accretion of gas and dark matter onto

galaxies and groups is a prediction of all hierarchical
models of the formation of structure in the universe.
A di h d l i i l Ñ i i h

THE ASTROPHYSICAL JOURNAL, 514 :818È843, 1999 April 1
1999. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

HIGH-VELOCITY CLOUDS: BUILDING BLOCKS OF THE LOCAL GROUP
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ABSTRACT
We suggest that the high-velocity clouds (HVCs) are large clouds, with typical diameters of 25 kpc,

containing 3 ] 107 of neutral gas and 3 ] 108 of dark matter, falling onto the Local Group ;M
_

M
_altogether the HVCs contain 1010 of neutral gas. Our reexamination of the Local Group hypothesisM

_for the HVCs connects their properties to the hierarchical structure formation scenario and to the gas
seen in absorption toward quasars. We show that at least one HVC complex (besides the Magellanic

The  issue:  are some high velocity clouds primordial, falling into the Milky 
Way for the first time, which would be from distances of about 1 Mpc? 
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An H I survey of the Centaurus and Sculptor groups

Constraints on the space density of low mass galaxies
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Abstract. We present results of two 21-cm H i surveys performed with the Australia Telescope Compact Array
in the nearby Centaurus A and Sculptor galaxy groups. These surveys are sensitive to compact H i clouds and
galaxies with H i masses as low as ∼3 × 106 M!, and are therefore among the most sensitive extragalactic H i
surveys to date. The surveys consist of sparsely spaced pointings that sample approximately 2% of the groups’ area
on the sky. We detected previously known group members, but we found no new H i clouds or galaxies down to the
sensitivity limit of the surveys. If the H i mass function had a faint end slope of α = 1.5 below MH i = 107.5 M! in
these groups, we would have expected ∼3 new objects. Cold dark matter theories of galaxy formation predict the
existence of a large number low mass dark matter sub-halos that might appear as tiny satellites in galaxy groups.
Our results support and extend similar conclusions derived from previous H i surveys that a H i rich population
of these satellites does not exist.

Key words. ISM: clouds – intergalactic medium – galaxies: luminosity function, mass function – radio lines: ISM
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The evidence I read is that the HI clouds observed around other 
galaxies are  within 100 kpc of the galaxy, and more likely to be 

bound to the galaxy rather than falling in for the first time.



These look to me like pretty serious discrepancies between
what the theory seems to predict and the observations seem
to suggest.

Am I fooling myself?

In case I’m not let us consider a possible remedy, a scalar
interaction that produces a long-range fifth force in the dark
sector.



A Long-Range Scalar Interaction in the Dark Sector

The starting idea is that the nonbaryonic dark matter interacts
with a scalar field by an action of the form

A = −
∫

|φ|ds , or (1)

A =
∫ √

−g d4x (iψ̄γ∂ψ − φψ̄ψ) . (2)

The idea has a long history: Nordström (1912) introduced the
classical form (1), which is equivalent to Yukawa’s (1935) form
(2) when the de Broglie wavelength is small.

Within quantum field theory there is good reason to question
whether any scalar field can avoid acquiring a mass # Ho

that is unacceptable for this purpose, but some superstring
theorists find the low mass quite conceivable.



In the 1950s through 1970s Pascual Jordan and Bob Dicke led explo-
rations of scalar-tensor gravity physics, with this action for particles
in the Einstein frame.

Damour, Gibbons & Gundlach (1990) noted that the tight empirical
constraints we now have on a long-range scalar interaction in the
visible sector allow a substantial scalar interaction in the dark sector.

Recent discussions along this and similar similar lines of thought in-
clude Gradwohl & Frieman (1992); Casas, Garcia-Bellido & Quiros
(1992); Damour & Polyakov (1994); Wetterich (1995); Anderson
& Carroll (1997); Bean (2001); Amendola (2000); Amendola &
Tocchini-Valentini (2002); França & Rosenfeld (2002); Damour, Pi-
azza & Veneziano (2002); Comelli, Pietroni & Riotto (2003); Amen-
dola, Gasperini & Piazza (2004).

The variant to be considered here is developed with Glennys Farrar
(NYU), Neal Dalal (IAS), Steve Gubser (Princeton), Adi Nusser
(Technion) and Renyue Cen (Princeton) in astro-ph/0307316, hep-
th/0402225, hep-th/0407097, astro-ph/0412586, & work in progress.



If there are two dark matter species with action

A =
∫ √

−g d4xφ,iφ
,i/2 −

∑

particles

∫
[m+(φ)ds+ + m−(φ)ds−],

dm+

dφ
< 0,

dm−
dφ

> 0,
d2m±
dφ2

≥ 0.

Then φ can relax to quasistatic equilibrium with larger values where
there are more (+) particles, smaller values where there are more (−)
particles.

A (+) particle is pushed toward larger φ, to reduce its energy m+(φ),
and a (−) particle is pushed in the opposite direction to reduce its
energy. The result is that like particles are attracted, unlike repelled.



Suppose there are two species in the dark sector, with

mDM = m− yφ, ms = ysφ, yn̄ < ysn̄s,

and φ has relaxed to quasistatic equilibrium, where ms ∼ 0. Then
these relativistic particles produce the potential

Vs =
∑

particles

∫
ysφ ds #

∫
d4r ysφns〈

√
1− v2〉

δVs

δφ
= ysns〈

√
1− v2〉 # y2

s n̄s

εs
φ,

where εs = ysφ/
√

1− v2 is a mean particle energy. Then the field
equation is

∇2φ = φ/r2
s − y n(r, t) , rs =

√
εs/y2

s n̄s .

Since εs ∝ a(t)−1 and ns ∝ a(t)−3 the Yukawa cutoff length scales
with the expansion of the universe as rs ∝ a(t), which may be a
Good Thing.



Constraints

The screening matter is excluded from regions where yφ >∼ ε or, more
approximately, δρ/ρ >∼ ysn̄s/yn̄, which can’t be too close to unity.

The ratio of mass densities in screening and nonrelativistic DM is

ρs

ρ
=

3
2
βΩm(Hrs)2S2, S =

ysn̄s

yn̄
.

Light element production requires ρs
<∼ 0.5aT 4

o , which implies

βS2r2
s

<∼ 3000,

where rs is measured in megaparsecs. This is viable, but tight.

The present screening particle energy is

εs

MPl
=

3
2
ysβ

1/2SΩ(Hrs)2 " 5× 10−8ysβ
1/2Sr2

s

which maybe makes εs uncomfortably close to the Planck mass.



Simulations

But it is easy to adapt a standard numerical N-body Fourier trans-
form computation of the gravitational force to the Yukawa scalar
force law.

Our preliminary explorations — on Adi Nusser’s laptop — assume
standard adiabatic scale-invariant initial conditions, take the pa-
rameters in the scalar model to be in the range

β ∼ 1, rs ∼ 1 Mpc,

and, since the scalar force would have negligible effect on most cos-
mological tests, use conventional cosmological parameters,

Ωm = 0.3, ΩΛ = 0.7, h = 0.7.



The panels are 2 × 3h−1 Mpc.



The distributions of the den-
sity contrasts in dark matter
and baryons smoothed with a
top-hat spherical window of ra-
dius 5h−1 Mpc at the present
epoch. The standard model
is the solid curve, the dotted
curve shows the effect of the
scalar force with rs = 0.78h−1

Mpc, and the dashed curve,
rs = 1.56h−1 Mpc. The simu-
lation box width is 50h−1 Mpc.



An important test: tidal tails of satellite galaxies.



Galilean Equivalence for Galactic Dark Matter

Michael Kesden1 and Marc Kamionkowski2
1Canadian Institute for Theoretical Astrophysics,

University of Toronto, Toronto, ON M5S 3H8, Canada
2California Institute of Technology, Mail Code 130-33, Pasadena, CA 91125

Palomar 5: Odenkirchen et al. 2003: 
classical tidal tails FIG. 1: Simulations of the tidal disruption of a satellite galaxy

in the presence of a dark-matter force. The charge-to-mass
ratio β increases from 0.0 in increments of 0.1 going counter-
clockwise from the bottom left. The Galactic disk is in black.
Sgr stars are shown in red (dark grey) while the Sgr dark mat-
ter is blue (light grey). The tidal streams are projected onto
the orbital plane. Orbits are counterclockwise; the upper left
figure shows that for β = 0.3 (a dark-matter force 9% the
strength of gravity) stars are almost absent from the leading
stream (at 12 o’clock with respect to the Galactic center).



Belokurov et al. 2006: the Field of Streams

the Majewski et  al.  2003: 2MASS  M giants the Belokurov et al. 2006: SDSS color cut of stars



A Simple Model for Tidal Stripping of a Dwarf Spheroidal

A dwarf spheroidal satellite of the Milky Way would be disturbed by a fifth DM force (an
effect Frieman & Gradwohl 1991 first considered).

Suppose the dwarf DM distribution is spherical with the inner NFW profile ρ ∝ r−1, the
star mass is negligible, the los star velocity dispersion is σ, and the star distribution is
isothermal.
Then the gravitational potential and spatial distribution of stars in an isolated dwarf are

φ = σ2r/r∗, n∗ ∝ e−φ/σ2
= e−r/r∗.

If the DM fifth force is β times gravity then the accelerations of baryons and DM caused
by the Milky Way DM halo at galactocentric distance R are

gb =
v2

c

R
, gd = (1 + β)

v2
c

R
.

The difference is represented by a effective potential on the baryons, φ5 = β(v2
c/R)r cos θ.

Thus in the rest frame of the dwarf DM halo the stars see the potential

φt =
σ2r

r∗

[
1 + β

(vc

σ

)2 r∗
R

cos θ

]
.

In the isothermal model the star density surfaces are ellipses — or a parabola at escape.

1



Fig. 2.—Azimuthally averaged surface brightness prole of Draco. The solid
and dashed curves show, respectively, the best-tting Plummer prole and a
King (1962) prole t to the data within 25!.

The surface projection of the model

n∗ ∝ e
−r/r∗

.

The model is significantly different from the measurements, but it may give a useful
approximation to the situation.

The fit of model to data indicates θ∗ ! 5 arc min, which at D = 75 kpc is

r∗ = 100 pc.



For Milky Way circular velocity vc = 220 km s−1, galactocentric distance 80 kpc,
r∗ = 100 pc, and σ = 12 km s−1 the stars in the model spheroid see the potential

φt =
σ2r

r∗
(1 + 0.4β cos θ) .

At β = 1 the dwarf spheroidal in this model is stable at R = 80 kpc; the baryons
slip out of the DM potential when the dwarf falls to R ! 40 kpc.

What is the nature of the disruption? As R decreases
the potential well the dwarf stars see tilts,
the star cloud it contains expands and cools,

the more energetic stars spill over the edge of the ρ ∝ r−1 part
of the DM halo, leaving a trailing tail,

as the lower edge of the potential grows level the rest of the stars slip
out of the potential like an underdone fried egg slips off a spatual,

and this star cloud then suffers classical tidal disruption,
maybe producing a Sagittarius-like stream?

1





Forbes, Beasley, Bekki, Brodie and Strader 2003 

The elegant N-body simulation on Duncan Forbes’ web site shows that the truncated left-hand tail is not inconsistent 
with standard physics: Newtonian dynamics can be subtle. Bearing in mind that the dwarf is (in projection) in the baryon-
dominated part of the giant I think it’s reasonable to wonder what a simulation of the DM fifth force model would show. 



The physical science of cosmology is enormously richer than when Einstein
and Lemâıtre were debating the merits of the cosmological constant.

Among the many things we have learned, in my opinion, is that we still
have a lot to learn.


